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Although many significant engineering properties of soils are 
beneficially modified by lime treatment in order to be used in several 
purposes, yet various complicated and interconnected factors and 
parameters have been found to be interacting within the process of the 
stabilization. 
 
In this research the major aspect and the most affecting factors of soil-
lime stabilization are considered such as soil type, grain size 
distribution, compaction effort, mixing and curing time. 
 
Engineering properties of different soils were investigated. It was 
found that most of the soils responded to the addition of lime. Lime 
stabilization was studied using three main soil samples (Alfao from the 
Eastern Sudan, Tharjath from southern Sudan and Altaib Wadalsaeh 
from Central Sudan (Gezira)). Fifteen other samples were also studied. 
It was noticed that addition of hydrated lime to the soils improved their 
engineering properties. 
 
The conducted experimental work confirmed the technical viability of 
the treatment of expansive clays with hydrated lime. Swelling and 
shrinkage were reduced while strength and compressibility improved 
substantially. 
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Expansive soil is a term generally applied to any soil or rock material 
that has a potential for shrinking or swelling under changing moisture 
conditions. Soils having high clay content have a tendency to swell when 
their moisture content is allowed to increase. There are many structures 
in Sudan, including roads, homes, schools and offices, which have been 
damaged by the movements of the expansive clays, because the 
foundation design did not take into consideration the expansive 
properties of the soil. 
 
As far as Sudan is concerned, expansive soils cover large areas in the 
Central, Eastern and Southern states. As these areas include most of the 
nation’s population centers and development schemes especially 
agricultural ones, an adequate road communication system is 
recommended to serve for the development and investment of these 
schemes and to accelerate the social development and contact between 
the different states. 
 
Adding lime to stabilize the soil might minimize the plasticity index of 
the soil by converting the soil to the rigid or granular mass. At the same 
time the bonds between the soil particles become stronger. This is due to 
the cution exchange that takes place between the ions on the surface of 
clay particles and the calcium ions of the lime. 
 
1.2 Objective of the Study 
The purpose of lime addition to active clays is to improve their 
engineering properties. The main objective of this research is to study 
the effect of adding hydrated lime to expansive soils from different areas 
in Sudan and to assess the sensitively of the soil to lime addition.     
 
The information presented in this study are concerned with the main 
factors and parameters affecting lime stabilization of potentially 
expansive clay soils from Sudan. 
 
1.3 Methodology  
The methodology adopted to achieve the above mentioned objectives is 
as follows: 
 - Collection of soil samples from different areas in Sudan. 
 - Obtaining large samples from three sites located in central, eastern 
and       southern Sudan. 
 - Laboratory tests were carried out to assess the effect of adding 
different amounts of lime to the three main samples and study the effect 
of lime addition on the physical properties strength and compressibility 
of there samples.  
 - Laboratory tests were also carried out to study the effect of addition 
of effective percentage of lime on the physical properties of 15 samples 
obtained from different areas in Sudan (lime sensitivity tests). 
 
1.4 Thesis Content 
The thesis is organized as follows: 
Chapter one is an introductory to the thesis. 
Chapter two reviews the literature of expansive soil, its origin, 
geological formation, soil mineralogy, distribution, examples of typical 
damages, lime deposits in Sudan and the effect of lime on the 
Engineering properties of expansive soils.  
Chapter three deals with the experimental work conducted in this 
research.  
 
Chapter four presents the results of the laboratory tests and discusses the 
evaluation of the technique of lime stabilization of expansive soils in 
Sudan. 
Chapter five concludes the finding of the study and recommendations 





This chapter reviews the literature pertaining to the subject of this thesis. 
First, the definition and distribution of expansive soils was presented, then 
the origin of expansive soils, the engineering properties and identificaion 
of expansive soils are discussed. The chapter also reviews the mechanism 
of lime stabilization and classification of expansive soils. Conclusions 
were drawn from this literature review and presented at the end of this 
chapter. 
2.2 Definition of Expansive Soil 
The term “expansive soils” is defining clays that show considerable 
expansion when their moisture content increases and shrinkage when the 
moisture content decreases; i.e. show significant volume changes with the 
variation of moisture content. These clayey soils contain montmorillonite. 
Other names are black cotton soils, problematic soils, cracking clays, 
active clays, fat clay, swelling clays and heaving soils. 
The difficulties caused by expansive soils occur only when the natural 
environment of the soil is altered. Wetting and drying process as a result of 
climatic variation in tropical and semi-arid areas are the source of fear for 
construction on expansive clays.  Expansive soils are reported in many 
areas throughout the World especially in tropical areas. Swelling soils have 
been for several years the object of the study of many researchers. It is 
recognized that simple classification method of swelling soils are based on 
a number of index properties such as Atterberg Limits, clay size fraction 
and free swell. These may be used for the prediction of the swelling 
potential.  
In Sudan expansive soils cover about one million square kilometers 
more than one third of the Sudan area. These areas are located in 
Central, southern and Eastern Sudan (Osman and Charlie 1983).  These 
areas include most of the agricultural schemes and development 
projects. 
The successive swelling and shrinkage of expansive soils cause 
deterioration and significant damages and cracks to structures. The 
damages included floors and foundation movements as well as serious 
cracks in walls, roads, water lines, sewer lines and all structures erected 
on or in expansive soils. These problems are attributed to improper 
methods of identification, classification of expansive soils and lack of 
evaluation of environmental conditions and the soil response due to the 
effect of change in moisture content (Osman and Charlie; 1983). 
2.3 Distribution of Expansive Soil 
Donaldson (1969), USAID (1971) have shown that potential expansive 
clay soils are generally found in semi-arid region of the tropical and 
temperate zones of the world. They spread all over the world; north and 
south America, Australia, Asia, Middle East and Africa.  
Expansive clay soils cover large areas in Sudan in the Gazira State, 
along the White Nile, Blue Nile Gadarif state and the South. These 
areas include the development projects and economically active areas 
in Sudan, Fig. 2.1. 
 
Fig 2.1. Distribution of Expansive Soil in Sudan (Osman and Charlie, 1983). 
Origin of Expansive Soils: 2.4 
The orign of expansive soils was classified into two groups as follows:- 
- The first group comprises the basic igneous rock such as      basalt, 
dolomite gabbros and norities. These rocks decomposed to form 
montmorillonite and other minerals such as kaolinite, illite, chlorite, 
and vermiculite. 
- The second group comprises the sedimentary rocks that contain 
montmorillonite such as shales, clay stone and some silt stone [9]. 
 
Engineering  Properties:2.5 
There are several characteristics of expansive clays which aid in their 
identification and recognition. The dominant characteristics are as 
follows: 
2.5.1 Volume change: 
Expansive soils exhibit swell and shrinkage behavior as their moisture 
content increases and decreases. This soil characteristic causes heave of 
foundations and pavements which leads to serious damages. 
There are number of factors which have a direct influence on the heave 
behavior of expansive soils. These include the properties of the soil 
mass itself and the external factors of the environment. 
The factors which may be included in the condition of the soil mass 
are: 
a- Type and amount of clay minerals: - It is clear that the key factor 
in the mineral composition is the presence of montmorillonite. This is a 
three layered clay mineral which has the tendency to absorb large 
quantities of water due to its chemical constituent and structural 
configuration. Other clay minerals are moderately active e.g. kaolinite, 
illite, and chlorite [25]. 
b- Initial moisture content:- The initial moisture content of expansive 
soils controls the amount of  swelling. This relation had been studied 
by Holtz and Gibbs [16] and others [36,4] . Very dry clays with natural 
moisture content below their plastic limits, usually indicate high 
swelling [4].  
c- Dry density:-  Directly related to the initial moisture content. 
Clays with high dry densities generally exhibit high swelling [4]. 
d- Soil fabric :-  Extensive study was conducted by Ravina [32] on 
the mineralogical composition of expansive clays by the use of the 
scanning electron microscope. It showed the non swelling clays appear 
as flat relatively thick plates, while montmorillonites have a crinkly, 
ridged, honeycomb-like texture. It might be possible to evaluate the 
swelling property of expansive soil by observing the degree of 
crinkling and interparticle bonding from Scanning Electron Microscope 
(SEM), [4, 21]. 
 
External or environmental factors [4, 22] such as :- 
a- Soil profile :-  The thickness of the expansive stratum undoubtedly  
affects the magnitude of total heave. If the thickness of high swelling 
soil is thin, the total heave will be less than that of thick stratum [4]. 
b- Depth of moisture fluctuation :- Expansive soils of thin depth of 
desiccation will not pose heave problems. 
c- Climate :-  Climate conditions including, precipitation 
evaporation, transpiration markedly affect the moisture fluctuation in 
the soil. 
d- Drainage :-  As expected good surface drainage reduces the swelling 
problems. 
2.5.2 Plasticity: 
From data available almost all liquid limits of expansive soils are  over 
40% with the most over 50% [16]. The plasticity indices varied from 
20% to over 60% showing high plasticity. 
Many researchers consider the plasticity in classifying clay soils: e.g. a 
classification method by using the plasticity index was developed by 
Chen [4], Table {2.1}.  
2.5.3 Strength: 
The strength of expansive soils in terms of California Bearing Ratio 
(CBR), and the Unconfined Compressive Strength show low values in 
wet state and high values in a dry state, dry clay lumps are extremely 
hard and strong. 
Table 2.1 Relationship Between plasticity index and swell potential 
(Chen, 1975) 




> 35 Very  High 
2.6 Identification of Expansive Soils: 
In the field, the observation of the behavior and nature of expansive 
soils should provide early warning of the expected problems of volume 
changes at the reconnaissance stage of any project. Various 
characteristics used to identify naturally occurring expansive soils are: 
a- Wide deep shrinkage cracks in dry states. 
b- High strength ( hard rock ) when dry. 
c- In the wet state the soils will be of low strength, high 
plasticity, stickiness, and low permeability as indicated by 
ponded surface puddles. 
d- Evidence of heave damage to structures in the area (e.g. 
highways, airfields, buildings, drainage structures). 
e- Paved roads also show longitudinal cracks near the edges 
extending for several meters. 
 
The field reconnaissance stage should be followed by laboratory tests 
to provide an excellent basis for treatment concerning potential swell 
problems, these are: 
a- Index property tests such as Atterberg limits, linear 
shrinkage, colloidal content, etc. 
b- Free Swell test. 
c- Strength indices, California Bearing Ratio (CBR) and 
Unconfined Compressive Strength (UCS). 
d- Mineralogical identification, e.g. X-Ray Diffraction. 
 
2.7    Soil Stabilization 
Stabiliztion of a soil implies the modification of the properties of the 
soil-water-air system in order to improve them and make the material 
suitable for use in the particular engineering application. Soil 
stabilization methods can be classified into two basic procedures [19] 
which are:  
- Physical stabilization; and 
- Chemical stabilization. 
Soil stabilization can be implemented in different ways which include: 
densification (by compacton or grading), reinforcement (by fibers), 
Iinking, binding, water proofing and use of a water repellent . 
2.7.1   Physical Stabilization: 
The properties of the soil can be improved by acting on its texture e.g., 
the controlled mixing of different grain fractions. Other techniques can 
involve heat treatment, drying, electrical treatment, and electro-osmosis 
[19]. 
2.7.2  Mechanical Stabilization  
This technique involves testing and gradation of the individual 
materials and then proportioning them to achieve satisfactory 
results.Mechanical stabilization can be processed by scarifying and 
mixing granular soils with plastic fines or fine aggregates with crushed 
rock or expansive soils with cohesionless granular soils. 
Generally mechanical stabilization of heavey clay soil is not 
practicable as large percentages of granular soils must be added thus a 
layer of such mixed materials will act as a permeable zone which leads 
to the problem of volume change of the underlying expansive clays 
[19].       
2.7.2.1   Stabilization by compaction: 
It is the method of pressing the soil which results in changing density, 
mechanical strength, compressibility, and porosity. In this method, 
stabilization occurs by pressing the soil so that the maximum amount 
of air can be eliminated.  
2.7.2.2 Stabilization by grading: 
The method directly involves the use of grain size distribution in order 
to reduce the voids as far as possible. This could be achieved by 
choosing the desired grain size distribution which could reduce the 
void ratio, increase the contact between grains, and cement the grains 
by the fine clay fraction which is very effective. 
To choose the effective proportions of each grain fraction Fuller 
uggested the following formula, for sphericl grains: [19] 
P =100 |d/D|n
Where :   p = the proportion of grains of a given diameter  
d = the diameter of grains for a given value of P. 
D = the largest grain diameter. 
n = the grading coefficient. (In earth construction n is assumed to 
be 0.2). 
2.7.3 Chemical Stabilization: 
Chemical stabilization is achieved by adding materials such as lime, 
cement, bitumen, pozzolana…etc to the soil to modify its properties 
through a physico-chemical reaction between the material and the soil 
grains, or by creating a matrix which binds or coats the grains. A 
physicochemical reaction can lead to the formation of new materials. 
2.7.3.1 Cement Stabilization: 
When natural or mechanically stabilized soils with adequate properties 
are not available, stabilization by the addition of cement, lime or 
bitumen can be considered. Cement stabilization is widely used in road 
construction.  
The process involves pulverization of the natural soil spreading of 
cement, mixing of cement with clay soil and then watering and 
immediate compaction. 
Addition of cement to a granular or fine grained soil or a combination 
of the two soil materials will produce a hardened mixture resulting 
primarily from the hydration of cement which reduces the plasticity, 
swelling potential of clay soils, and markedly improves the soil 
strength [19]. 
It was reported by Croft [7] that addition of 2 – 20% of cement to 
South Wales and California expansive clays reduced the plasticity 
indices by about 85% of its original value. 
In Sudan a study was conducted [30] on two samples from EIRahad 
Agricultural Scheme  (soil 1) and EIGazira scheme (soil 2). The 
cement used was Ordinary portland Cement from Atbara. It was found 
that addition of cement up to 10% markedly reduced the plasticity 
indices of the two samples from 40% and 37% to 9% and 8% 
respectively. Regarding the effect of cement on dry densities and 
optimum moisture content of the two samples, it was reported that 
maximum dry density increased slightly for soil (1) from 1.35 to 1.55 
gm. /cm3 as cement inreased from 0 % to 10 % , and for soil (2) the 
maximum dry density increased sharply from 1.33 to 1.58 gm./cm3 as 
cement increased from 0% to 10% and for soil (2) the optimum 
moisture content increased slightly from 33% to 34.7% as cement 
increased from 0% to 10% and for soil (2) the optimum moisture 
content increased slightly from 33% to 34.5% as cement increased 
from 0% to 10% . The marked increase in the maximum dry density 
and optimum moisture content of soil (2) stabilized with the less 
amount of cement, was related to the fact that soil (2) was better graded 
than soil (1). The better graded grain distribution of a soil, the smaller 
the voids, the greater the number and size of inter-particle contact 
surfaces, and the stronger the effect of cementation. 
Generally heavy clay soils are difficult to mix, and high percentages of 
cement are needed to achieve appreciable change in properties [19] . 
Uppal [41] found that addition of  15% of cement content was required 
to attain reasonable reduction in the plasticity index of the Indian black 
cotton soils. He concluded that it is uneconomical to use cement in 
stabilizing Indian black cotton soils. However, workability of a high 
plastic clay soil with liquid limit greater than 50% can be improved by 
first pre-treating the soil with 2 - 3% of lime and after compaction and 
curing for 24 hours, the material is then pulverized and stabilized with 
cement [31]. 
The most common measures of the effectiveness of cement 
stabilization are Unconfined Compressive Strength (UCS) and/or 
California Bearing Ratio (CBR) and the resistance to cycles of 
wetting/drying or freezing/thawing conditions. 
Several researchers [17, 18, 24] demonstrated a relation between 
strength and density of stabilized soils of the form: 
S = a e bD 
Where:   
Sis the Unconfined Compressive Strength 
Dis the dry density 
a & b are constants, i.e. the the logarithm of strength is linearly related 
to the dry density. In the field, delay in compaction which allows the 
hydration process to commence and thus builds up the strength of the 
mixed soil, is a major cause of loss of strength as the mixture becomes 
more difficult to compact and the final density and strength achieved 
will therefore be  lower  [43]. 
2.7.3.2  Bituminous Stabilization: 
The technique of bituminous stabilization of clays is not widely spread 
as it is more expensive than cement or lime, and considerable 
precautions are necessary to attain satisfactory results [19]. 
Bituminous stabilization when used with non cohesive granular 
materials adds appreciable cohesive strength to the mixed materials and 
with cohesive soils reduces the swelling and loss of strength caused by 
the increase in moisture content. In such case bitumen water proofs the 
natural soils. 
Both effects of bitumen develop partly from the formation of films 
around the soil particles, which stick them together and prevent the 
adsorption of water, and partly from blocking of the pores preventing 
water from entering the soil mass. 
Although heavey clays perform adequately when treated with bitumen, 
high bitumen content is needed to coat all particle surfaces. Also too 
much mixing will break down clay lumps, increasing the exposure of 
surfaces and thus demanding increased bitumen for water proofing. 
Sections of bitumen treated heavy clays have shown that bitumen is not 
uniformly distributed but exists as quite distinct patches with areas of 
apparently unmixed clay in between [19]. 
In general the main use of bituminous stabilization is for sands or 
sandy gravels of more than 50% passing the B. S. 3/16 in. sieve, liquid 
limit less than 40% and plasticity index less than 18% [19]. 
2.7.3.3 Lime Stabilization: 
Lime stabilization of clay soils has been demonstrated to be one of the 
most successful techniques for different construction purposes. The 
necessity of construction of airfields and road pavements with the 
scarcity of suitable road building materials, led the researchers to 
search for proper pavement construction techniques. The promising 
results of lime soil stabilization led to widely developed usage of this 
technique in construction of airfields, road pavements and drainage 
structures over extended expansive areas [5, 20, and 18]. 
Lime stabilization, as applied to present-day highway construction, is a 
development of ancient practices which have been modified by modern 
laboratory and field tests to fulfill a variety of stabilization 
requirements [1].  
2.7.3.3.1 Advantages of Lime Stabilization 
Current knowledge permits the conclusion that lime as a soil stabilizing 
agent can serve many useful purposes [33]. In general, these purposes 
are to : increase soil strength or bearing capacity; minimize soil 
compressibility; diminish the flow or migration of sub-surface 
moisture; lessen erosion by surface water; provide a stable working 
platform for construction; aid in the mechanical compaction of soils 
and reduce the expansive property of soil. These and other benefits [3] 
of lime stabilisation of clayey soil are enumerated below: 
a) When heavy clays are treated with lime (usually 3-5% by 
mass) they become friable and easy to work and to compact 
into a dense stable working table . 
b) Lime raises the critical moisture content and hence renders 
many soils workable  that were previously too wet to be 
placed.  
c) Lime raises the quality of the sub-grade to such a degree 
that in many cases the design thickness of the sub-base can 
be reduced. 
d) Small additions of lime (2-4%) convert highly plastic soil 
into good quality materials. 
e) Lime can double the compressive strength of many low (PI) 
granular materials. 
f) If sufficient lime and moisture are present then lime is able 
to migrate over considerable distances and through very 
hard strata in order to perform its work. 
g) Lime treated layers restrict the ingress or egress of water, so 
preventing excessive swelling or shrinking. 
h) Lime eliminates the necessity for reworking sub-grades that 
have been heavily wetted by rains. 
i) Lime – treated sub-bases are stable enough to provide the 
contractor with a satisfactory working table shortly after 
heavy rains. 
j) Since the chemical reaction between lime and soil continues 
for a very long time, lime-treated soils exhibit the property 
of autogenous healing. 
k) Compaction can be stretched out over several days, 
allowing more flexible use of labour and equipment. 
2.7.3.3.2   Lime: 
The term lime includes several forms of quick and hydrated lime which 
are respectively, oxides and hydroxides of Calcium and Magnesium. 
The two sources of lime were found to be limestone containing 95 to 
99 percent Calcium Carbonate, and dolomitic limestone containing 
from 30%  to 45% of Magnesium Carbonate and the rest Calcium 
Carbonate. 
Accordingly lime can be divided chemically into different types, quick 
lime and hydrated lime [19, 42]. 
- Quick lime is of two types: 
Calcitic CaO. 
Dolomitic CaO+MgO. 
- Hydrated lime is of three types: 
Calcitic Ca (OH)2.
Dolomitic Monohydrate (Ca (OH)2+MgO). 
Dolomitic Dihydrate (Ca(OH)2+Mg(OH)2). 
- Other forms of lime are Agricultural lime(Ca Co3), and Hydraulic 
lime which is a cementitious lime that will set and harden under water 
like cement but retains some plastic properties of lime. 
2.7.3.3.3 Lime Deposits in Sudan : 
The deposits of lime stone in Sudan had been surveyed and reported as 
follows [12] :- 
i- Omdurman Area:- 
This is a small limestone deposit which occurs as calcareous 
nodules of small dimension (3-15 cm.). Whiteman [44], 
described Omdurman limestone as a ground up form of calche, a 
mixture of Calcium carbonate and Sulphate which is formed as a 
result of capillary action and alternate wetting and drying.  
ii-  Jebel Aulia 
Latitude 15o 03 
Longitude 32o 23 
The outcrop is situated south of Jebel Aulia between Khor Id 
EdDala and khor Id EdDukun. The outcrop is highly weathered, 
showing scaly or onion shape type of weathering and the surface 
is creamy and  friable. 
The crystallization is equigranular calcite. At ground level the 
outcrop is usually surrounded by gneises, pegmatites and quartz 
veins. 
There is no information about the chemical composition and size 
of the deposit. However, the future bears an increasing 
importance for the exploitation of the reserves of this site as it 
occurs in the vicinity of Khartoum area [12]. 
iii-  Sennar Area: 
Latitude 13o 19  - 13o 30 
Longitude 33o 05  -  33o 25 
The limestone in this area varies over a wide range in 
chemical composition. Wide areas are seriously contaminated 
with Magnesium, e.g., samples from Jebel Sagadi showed a 
variation in Magnesium Oxide (MgO) content from 0.4% to 
22.8%.  However, Sennar area contains several deposits with 
considerable amounts of relatively pure limestone. The CaCo3
is often as high as 97% and the MgO are insignificant, often 
smaller than 0.2%.  
iv-  Kosti Area: 
Information on the location and quantities of this deposit is 
not available, but the results of the chemical analysis of a 




Insoluble Residues 2 – 5.5 
L.O.I 26.82 
v-  Nyala Area (South Dar fur): 
Latitude 20o 07 
Longitude 30o 44 
This deposit contains marble of Ca CO3 content of up to 96%. 
The homogeneous distribution of MgO and Fe2O3 inclusions, 
however, precludes its use in the cement and sheet glass 
industries. It appears possible to use this marble for the 
production of quick or hydrated lime. 
vi-  Atbara Marble Deposit: 
Latitude 17o 40 
Longitude 33o 50 
This deposit lies at about 20 Km. West EI Dokhala village on 
the western bank of the River Nile. The deposit consists of 
marble bands emplaced in the pre-Cambrain metasediments 
together with paragneiss bands, empidiorites, hornblendites 
and granites.  
The marble bands outcrops in a continuous belt inter bedded 
with bands of paragneiss. The marble in this locality is fairly 
coarse grained yellow, grey or creamy banded variety. 
Chemically the marble is of fairly pure calcite.  
vii-  Durdeb  Area: 
Latitude 11o 30 
Longitude 36o 05 
Two deposits exists in this area, one is located 26 Miles 
South-East and the other 24 Miles North West of Durdeb 
railway station. The Iime stone from both deposits has high 
content of CaO and low content of MgO accordingly it can be 
used for the manufacture of cement.  
viii-  Maman  Area: 
Latitude 16o 15 
Longitude 36o 10 
This deposit contains marble of high quality, but quantity of 
the deposit have not yet been determined precisely. 
ix-  Coastal  Area: 
Latitude 19o 10   - 19o 25 
Longitude 37o 10        -   37o 20 
This area is reported to contain limestone deposit not 
described in details. 
x-  Qala-EnNahal  Area: 
Latitude 13o 35 
Longitude 35o 00 
This deposit contains dolomite with an average CaO content 
as low as 20% . Presently it is used by the local traditional 
quick lime manufacturing plants. 
xi-  El Roseires  Area: 
The Abu Ramad deposit consists of marble of an extremely 
high CaO content averaging 56% . Informrrmation on 
location and quantities is not available. 
xii-  Jebel Rashad  Area: 
Latitude 11o 27 
Longitude 31o 14 
The limestone of this deposit contains 54.4% CaO and 0.43% 
MgO. 
xiii-  El Fashir  Area: 
Marble deposit  : Latitude 13o 46 
Longitude 23o 28 
Limestone deposit :     Latitude 15o 36 
Longitude 24o 53 
The two deposits have an average Ca CO3 content of 96%, 
information on the estimated reserve is not available. 
2.7.3.3.4 Effect of Lime on the Engineering properties of Expansive 
Soils: 
Addition of hydrated lime (Ca (OH)2) to clay soils improves many of 
their poor engineering properties, these changes may be summarized 
under the following terms: 
2.7.3.3.4.1   Volume Stability: 
This term relates to stable swelling potential and shrinkage ratio. 
Former practices confirmed that addition of lime to expansive soils 
decreases their swelling potential and increases shrinkage limits [23, 
42]. 
A reduction in swelling from 3.9% to 0.5% , when cohesive soil 
samples were stabilized with 5% hydrated lime and compacted to 
modified maximum dry density at optimum moisture content [27]. As 
reported by the TRL [31] , usually addition of lime reduced the swell 
percent of expansive soils from 7% or 8% to about 0.1%. 
2.7.3.3.4.2  Strength: 
The most significant effect of lime is its ability to increase the strength 
of compacted clays. The practices conducted show that lime increases 
California Bearing Ratio {CBR} [19, 23, 27], the unconfined 
compressive strength (14, 19) and the Shear Strength [2, 24] of 
compacted clay soils. 
A study of lime stabilization  of expansive soils in Sudan, confirmed 
that addition of 5% hydrated lime markedly improved their unconfined 
compressive strength [11] . Also treatment of expansive road subgrades 
by hydrated lime was recommmended by Omer [29]. 
Recently lime treatment technique was extended in India to stabilize 
thick soft underwater marine clays. A study on such respect [28] 
confirmed that addition of lime improved the shear strength of the 
stabilized samples by 5% to 8% times that of untreated soils. 
2.7.3.3.4.3   Plasticity: 
Previous work in lime soil stabilization [19, 27,31] has shown that 
small amounts of hydrated lime added to clayey soils considerably 
decreases their liquid limits and drastically increases their plastic limit 
and thus improve workability. 
Also it was reported that the addition of quick lime to over – wet clays, 
decreased their moisture content by absorbing water for its hydration 
and materially improved their workability [31]. 
2.7.3.3.5  Factors Affecting Lime – Soil Stabilization: 
The main factors affecting this mechanism are lime type, curing 
conditions, lime texture, lime reactivity of soils. Strength parameters 
have been used in most of the studies to evaluate the influence of these 
factors on lime – soil stabilization [15, 1, 32]. 
2.7.3.3.5.1  Lime Type: 
The selection of lime type depends on the purpose of lime treatment. 
From the available data, calcitic lime are more effective in the short 
term modification of the soil while Dolomitic lime has a marked effect 
in the long term cementation process [15]. 
2.7.3.3.5.2  Curing Conditions: 
The term curing or maturity conditions refers to the temperature, time 
and humidity applied to compacted lime – soil mixtures before testing. 
The interrelation of curing time, curing temperature and strength has 
been studied by many researchers before lime clay reactions were 
identified, so these two parts of research were considered [34], using 
one to explain the significance of the other . It was believed that lime – 
soil stabilization are time, temperature dependent chemical reactions. 
The influence of increasing curing temperature and time, is to increase 
the chemical reaction process of lime – soil mixtures and this in turn 
increase the strength [1, 26]. 
The effect of humidity on lime – soil stabilization was found to be 
small compared to effects of curing temperature and time [13]. 
As it is well established that lime – soil stabilization is temperature 
dependent, it is more advantageous to use this methodology in 
countries with hot climates (e.g. Sudan, India). In such countries lime 
stabilization can be economically processed within short curing periods 
to attain the required engineering properties. 
2.7.3.3.5.3  Lime Texture: 
In lime stabilization of highly plastic clays it was believed that fairly 
good mixing is essential to achieve successful results and that sufficient 
mixing is affected by the purity and fineness of lime.  
2.7.3.3.5.4  Lime –Reactivity of Soils : 
It was confirmed by the available data [18, 34] that most clay soils 
react with lime when cured under suitable curing conditions. The 
tendency or the degree of reactivity varies from one soil to another 
[39]. 
Many researchers [10, 39, 34] confirmed that the soil calcium/silica 
ratio, soil fabric, and carbon content have a considerable effects on 
lime reactivity of soil. 
The type of clay minerals was found to be the main factor that affects 
lime-soil stabilization. With little amounts of hydrated lime kaolinitic 
soils processed better than other mixed layered clay soils 
{montmorillonitic or illitic}, [9]. The retarding constituents of soil to 
lime stabilization were issued to be organic content and low soil pH 
[40]. 
2.7.3.3.6  Lime – Soil Reaction Products: 
The studies conducted to identify the reaction products of lime – soil 
mixtures illustrate that the composition and structure of these products 
are much affected by the factors mentioned in sub  sections 2.7.3.3.5.1. 
to 2.7.3.3.5.4, [26, 34]. 
The major reaction compounds were found to be hydrated calcium 
silicates CaO – SiO2 – H2O or C-S-H and hydrated calcium aluminates 
CaO – Al2O3 – H2O or C- A - H, this is obvious since the most 
available ions in clay soils are silica and alumina.  
2.7.3.3.6.1    Hydrated Calcium Silicates: 
These are products of four types formed at different temperatures, 
forming a group called tobermorite group [26, 34]: 
1- Tobermorite gel (C-S-H) :- 
This compoound has a high CaO : SiO2, (C : S) ratioand was reported 
to form at normal temperature (25 – 30 oC) in montmorillonitic soils 
with relatively high percents of lime, [15] . To achieve high strength 
the C: S ratio must be high but less than two  [34]. 
2- Calcium Silicate hydrates, II (C-S-H  II):- 
This compound has a lower C : S ratio than Tobermorite gel but higher 
than that of (C-S-H I) thus the reaction proceeds to form (C-S-H I), 
[34]. 
3- Calcium Silicate hydrates, I (C-S-H I):- 
This compound has a lower C : S formed at normal temperature with 
relatively low lime content in lime – kaolinite mixtures [10, 33]and in 
some lime – montmorillonite mixtures [34] . At high tempratures (~40 
oC), it (C-S-H I) proceeds to form the tobermorite product. 
2.7.3.3.6.2    Hydrated Calcium Aluminates (C-A-H): 
There are several forms of calcium aluminate hydrates, the compound 
normally formed in lime – soil mixtures cured at normal 
temperatures.These are C4AH12CO2 and C4AH13 [8, 34]. Also at high 
temperatures (~40oC) ,C3 A H6 was detected [8, 35]. 
2.7.3.3.6.3    Other Reaction Products: 
In addition to the compounds described above, further quaternary (C-
A-S-H) phases were reported.  It was suggested by Diamond and 
Kinter [7], that in clay – lime reactions in which separtate (C-A-H) 
phases were formed, alumina incorporated isomorphously in (C-S-H) 
phase to form (C-A-S-H) compound. It was reported that at normal 
temperature  (25 – 30 oC), lime reacted with  
clay soils that contained sulpher to form C3 - A - 3 CaSo4 - H31 , [35]. 
Also some times dioxide was detected due to the access of carbonates 
into lime – soil mixtures [20]. 
2.7.3.3.7 Lime Soil Reactions: 
The concepts of lime – soil reactions can be classified into two parts:- 
- Concepts proposed before 1961. 
- Concepts proposed after 1961. 
 
2.7.3.3.7.1   Concepts Proposed Before 1961: 
The published literature of lime – soil reactions up to and including 
1960 was reviewed as follows [13]: 
A- Ion Exchange and Flocculation: 
The mechanism of flocculation or agglomeration was attributed to :- 
i- a base exchange reaction of Calcium (Ca++) cations with other     
weaker cations such as (Na+ or K+) that might be held in the exchange 
positions at the clay surfaces.  
ii- The  crowding of more calcium cations (Ca++) onto the clay 
surfaces. This mechanism was suggested by Hilt and Davidson [14] 
after they had noticed that calcium saturated soils flocculated upon 
lime addition (i.e. mechanism (i) was not the single cause of clay 
flocculation) and that the rise in pH of the clay upon the addition of 
lime (when sufficient lime added to soils calcium dissolved in the soil 
water and created an alkaline environment) increased the cation 
exchange capacity of clay. This in turn led to extra unsatisfied 
exchange sites on the clay surfaces. To these sites extra calcium cations 
were believed to be attracted [6, 14]. 
 
The end result of extra calcium cations being attracted to the clay 
surfaces by one or both of the mechanisms (i) and (ii) identified above, 
was a suppression of the electrical charge distribution around the clay 
particles. This caused an attractive force between the particles and so 
flocculation occurred. The ability of lime to modify clay soils i.e. to 
improve plasticity, workability, swelling, shrinkage characteristics, was 
attributed to the flocculation mechanism.  
B-   Cementing or Pozzolanic Reactions: 
It was suggested that the calcium cations in lime, react with the 
siliceous and aluminous minerals in the soil to form a highly 
cementitious gel of calcium silicates and aluminates and these 
compounds created a bond between the soil particles. It was believed 
that the cementing action requires several months for completion [10]. 
C-  Carbonation: 
This reaction involved the formation of calcium carbonate as a result of 
the reaction of carbon dioxide (CO2) from atmosphere and these 
carbonates form weak cements but also deter pozzolanic reaction and 
prevent the gain of normal strength [13]. 
2.7.3.3.7.2 Concepts Proposed After 1961:- 
Many researchers had presented the results of their studies and added 
to the basic knowledge of lime – soil reactions the following concepts 
[8, 15]: 
A- The Lime Retention Concept: 
Previous work in lime – soil stabilization [14] had shown that addition 
of small amounts of lime considerably improves the workability of clay 
soils but contribute little improvement to strength. It was confirmed by 
[14] that certain quantity of lime added to clay soils must first satisfy 
an affinity of the soil for lime and this quantity was fixed in the soil 
and was not available for Pozzolanic reaction. They established that 
this certain quantity of lime required to attain the maximum increase in 
the plastic limit coincide with the minimum quantity required to start 
the strength gain reactions. They called this coincidence “The Lime 
Fixation Point “. The lime fixation points {Lm} of the montmorillonitic 
soils investigated [14] were found to be: 
Lm = {of < 2 µ mm clay + 1.25} % 
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The term was later altered in 1963 to “ Lime Retention Point “. [15]. 
The lime retention concept regarded the lime – soil interaction as two 
different types of reactions these are: 
- The soil modification attributed to calcium cation being used in 
normal cation exchange and a pH dependent cation crowding 
(2.7.3.3.7.1.A) .   
- The strength gain which should occur after the completion of cation 
crowding, attributed to cementation products by the pozzolanic 
reactions (2.7.3.3.7.1. B). 
B- The physical Adsorption Concept:- 
This concept was developed by Diamond and Kinter [8] . The concept 
was based on data obtained from experiments on lime rich suspensions 
and pastes of bentonite. Cation exchange, flocculation and carbnation 
were considered by these researchers to be inadequate to explain the 
soil – lime reaction for the following reasons: 
i- Cation exchange :-  It was found that many naturally 
occurring calcium – saturated soils required stabilization. It 
was also found that addition of lime in great amounts to 
dilute sodium clay suspensions did not cause complete 
cation exchange. Hence little exchange could not be 
expected to occur in normally compacted lime – soil 
mixtures. 
ii- Flocculation:-  Many naturally flocculated soils were found 
to be unstable and responded to lime stabilization . 
iii- Carbonation:-  It was reported that lime – soil mixtures 
sealed from contact with carbon dioxide developed the 
normal indication of stabilized soils. Hence carbonation was 
not an important stabilization reaction. 
The lime retention concept (2.7.3.3.7.2. A) was considered by the two 
researchers to be unsatisfactory because the apparently unlimited 
crowding of positively charged cations onto the limited external 
surface of the montmorillonite would appear to be an unlikely 
phenomenon.  
C-  The Diffuse Cementation Concept: 
This concept was developed [37] on the basis of extensive research on 
the physical, mechanical and mineralogical aspects of an Australian 
Calcium saturated montmorillonitic clay treated with 5% and 10% lime 
and compacted at its optimum moisture content. 
It was confirmed that normal and pH – dependent cation exchange 
occurred, but these reactions consumed at most 0.5% lime (on oven dry 
soil weight basis). No initial lime adsorption over the whole of the clay 
surfaces (i.e. physical adsorption 2.7.3.3.7.2 B) was envisaged and all 
lime apart from that consumed in cation exchange was fully utilzed in 
the formation of cementation reaction products. The diffuse 
cementation concept briefly described the net negative charge of the 
clay particles thus no cation crowding was envisaged. It was also found 
that the amount of lime adsorbed corresponded roughly to the lime 
retention point [15]. It was also believed that the clay particles 
flocculated upon lime addition. This flocculation was attributed to the 
normal electrolytic effects of lime (i.e. not to the pH – dependent cation 
crowding ) and it did not stabilize the clay particles. 
The above reaction was rapidly followed by limited cementation at 
points of contact between the edges and faces of the flocculated clay 
particles. This was thought to be responsible for the soil modifiction 
[37]. 
2.8 Review of Some Studies 
A- Mohamed [38] studied and evaluated the technique of lime 
stabilization of expansive soils, to overcome the problems of scarcity 
of naturally occurring stable materials for pavement construction. The 
results of his study are summarized as follows: 
1- The study of strength (CBR), and volume change (swell percent) of 
natural and lime stabilized clays, confirmed improvement of strength 
and volume change behavior of expansive soils. Desired properties of 
typical subbase and base materials were attained by stabilizing the 
expansive soil samples with different amounts of lime ranging from 2% 
to 6%. 
2- Lime percent, moisture content and dry density were found to have 
a combined effect in the soil improvement process. 
3- Addition of hydrated lime improves the workability of expansive 
soils as it reduces their plasticity, e.g. addition of 2% hydrated lime by 
weight to the investigated soils reduced their plasticity indices from 
38% and 33, to 11% and 13% , respectively. Also addition of 3% and 
4% of hydrated lime further decreased the plasticity index up to 5%. 
 
B- Mohamed and Walker [27] studied the effects of lime 
stabilization. The results gained by the two investigators are as follows: 
- Plastic properties: the plastic properties of the soil were 
improved appreciably by the addition of hydrated lime. 
- Dry Density and Optimum Moisture Content: the effect of 
lime on dry density and optimum moisture content was found 
to be  negligible. 
- Unsoaked CBR:- 
For the natural soils, the values of as molded CBR were 
generally greater than those of soaked CBR for four days, but 
with the addition of lime the situation was reversed and the 
CBR soaked values were greater than those of unsoaked 
CBR. 
- Soaked CBR:- 
From the results the following trends were observed: 
i- Addition of 5% hydrated lime increased the soaked CBR 
values more than ten times, regardless of compactive effort. 
The CBR values were increased from 6.67%  to  83.3% , from 
10% to 101% and from 13.3% to 131.7% , for 10, 25, 55 blows 
per layer, respectively. 
 
With the addition of 10% hydrated lime there was a further increase in 
the CBR values, but this increase was not as pronounced as those 
obtained initially with the addition of 5% lime. 
2.9 Classification of Expansive Soil 
2.9.1 Introduction 
One aspect of the laboratory testing of expansive soils is to classify 
them according to their degree of potential expansiveness. The most 
commonly used system is to classify soils as having a very low, 
medium, high, or very high expansive potential. There are many 
different ways to classify the expansive soils based on laboratory 
testing. The most commonly used methods are discussed in the 
following subsections. Soils are classified in the general schemes; 
Unified Soil Classification System (USCS) (Howard, 1977) and the 
American Association of State Highway and Transportation Officials 
Method (AASHTO) (1978). According to index properties, soil rated 
as CL or CH by USC, and A6 or A7 by AASHTO, may be considered 
potentially expansive. 
2.9.2   Classification Methods:
The use of Atterberg limits to predict the swell potential is definitely 
the most popular approach. Many of the procedures also include clay 
content. Holtz. And Gibbs (1956) presented the criteria shown in Table 
2.2 based on testing undisturbed soil samples. Altmeyer (1955) 
eliminated the use of percent clay because many laboratories do not 
include hydrometer analysis in their testing programs He. uses 
shrinkage limit or linear shrinkage as shown in Table 2.3.  
Chen (1965) developed a correlation between percent finer than the no. 
200 sieve size, liquid limit, and standard penetration blow counts to 
predict potential expansiveness Table 2.4. 
 
Chen 1988 and Raman 1967 presented the degree of expansion as a 
function of plasticity index and shrinkage index as shown in Table 2.5. 
 
Table 2.2 Expansive soil classification based on colloid% content, 















Very High >28 >35 <11 >30 
High 20-31 25-41 7-12 20-30 
Medium 13-23 15-28 10-16 10-20 
Low <15 <18 >15 <10 
Table 2.3   Expansive soil classification based on Shrinkage 
Limit, or Linear Shrinkage (after Altmeyer (1955) 
Linear Shrinkage SL (%) Probable Swell (%) Degree of Expansion 
<5 >12 <0.5 Non Critical 
5-8 10-12 0.5-1.5 Marginal 
>8 <10 <1.5 Critical 
Table 2.4   Expansive soil classification for Rocky Mountain 














>95 >60 (Blows/ft) >10 Very high 
60-95 40-60 20-30 3-10 High 
30-60 30-40 10-0 1-5 Medium 
<30 <30 <10 <1 Low 
Table 2.5 Expansive soil classification based on Plasticity Index and 
Shrinkage Index (after Raman (1967) 
P.I. S.I Expansion Degree 
<12 <15 Low 
12-23 15-30 Medium 
23-32 30-40 High 
>32 >40 Very high 
P.I   :  Plasticity Index 
 S.I   :  Shrinkage Index 
 
2.10   Summary : 
The reviewed data pointed out that expansive soils cover large areas in 
the Central, Eastern, and Southern States of Sudan, and many buildings 
and roads had been constructed or proposed to be constructed along 
these expansive areas. Also the literature reviewed the deleterious 
properties of expansive soils and the techniques adopted to overcome 
the problem associated with expansive soils in Sudan.  
Soil may be stabilized by the addition of different stabilizers.In this 
study lime as one of these techniques since they are available and can 
be used to stabilize awide range of soils.  
CHAPTER THREE 
MATERIALS SOURCES AND METHODS OF 
TESTING 
 
3.1   Introduction 
This Chapter studies the characteristics of natural potentially expansive 
clay soils when different amounts of lime were added. The soils used 
and the test procedures followed were described. The results are 
presented in this Chapter and analyzed in Chapter Four. All the soil 
samples are obtained as disturbed and all the tests were carried out at 
the same testing conditions.  
 
3.2 Testing Program 
The objective of the testing program was to: 
- Study the effect of hydrated lime on the engineering properties 
of three potentially expansive soil samples obtained from 
eastern, central and southern Sudan. 
- To study the effect of adding optimum amount of lime to be used 
as an indicator for the activity of potentially expansive clay soils. 
For the latter 15 soil samples were tested by adding 2% lime. 
The three samples were selected to cover the central and southern clay 
plains of Sudan. One sample was obtained from Alfao town, known for 
its expansive soil of high potential for swelling and represents 
expansive soil deposits east of the Blue Nile, Probably of residual 
origin; the second sample was obtained from Gezira area just south of 
Khartoum while the third was obtained from the vast clay plain of 
southern Sudan. 
The tests carried out on the three main soil samples before and after the 
addition of different amounts of lime are: 
- Atterberg limits. 
- Linear Shrinkage. 
- Grain Size Distribution (GSD). 
- Clay Content (Hydrometer method) 
- Free Swell 
- Compaction Test (Standard proctor).                                                        
- Consolidation. 
- Unconfined Compressive Strength (UCS). 
- California Bearing Ratio (CBR)     
The other 15 samples were subjected to the following test: 
- Atterberg limits. 
- Linear shrinkage 
- Free Swell. 
The test methods and procedures will be outlined here more. 
 
The fifteen other clay samples selected for testing, were obtained from 
different parts of Sudan.  
The lime used is high quality hydrated lime imported from Sultanate of 
Oman. The lime was obtained for trial tests, for stabilization of clay 
soils for Merowe Dam Project. Table 3.1 shows the results of chemical 
tests carried out by Building Road Research Institute, BRRI, University 
of Khartoum, together with the general requirement of construction 
purposes hydrated lime. 
 
Table 3.1 Chemical test analysis results of hydrated lime 
Results% by mass Test 
Sample (1) Sample (2) 
Requirement 
(ASTM-Part- 9)
Calcium Oxide (CaO) 72.7 73.0 72.0% min 
Calcium Hydroxide (Ca) OH) 96.02 96.5 95.0% min 
Magnesium oxide 0.5 0.4 0.5% min 
Silica as SiO2 0.62 0.58 0.7% min 
Aluminum Oxide (Al2O3) 0.5 0.6 0.15% min 
Ferric Oxide (Fe2O3) 0.05 0.03 0.08% min 
Sulphur trioxide (SO3) - - 0.10% min 
Moisture 0.1 0.2 0.75% min 
3.3 Test Procedures  
The Procedure used for laboratory testing conformed with British 
Standard BS No. 1377-1990 A brief description of the test procedures 
followed is given for each test method. The procedure for laboratory 
testing was as follows: 
3.3.1 Atterberg limits 
The determination of the liquid limit value for all samples was carried 
out according to the cone penetration method in BS 1377: Part 2:1990 
CL 4.3.  
The soil sample was sieved through sieve No 40, then a percentage (by 
weight) of lime was added to the soil sample and mixed carefully with 
distilled water (at moisture content less than LL ) and left for  24 hours 
to cure and to obtain homogeneous paste. 
 
The plastic limit test was performed according to the method of testing 
specified in BS 1377: Part 2:1990 CL 5.3. The results are shown in 
Tables 3.2, 3.3, 3.4 and presented in Appendix (B). 
 
Table 3.2 Atterberg Limits for the natural Main soil samples 
 
Table 3.3 Atterberg Limits for stabilized Main soil samples 
Sample 
Name Lime % LL% PL% PI% 
0.5 73 33 40 
1.0 71 38 33 
1.5 67 41 26 
2.0 64 43 21 
2.5 63 45 18 
3.0 62 46 16 
4.0 61 47 14 
Alfao 
5.0 58 49 9 
0.5 63 22 41 
1.0 62 24 38 
1.5 61 25 36 
2.0 58 30 28 
2.5 57 34 23 
3.0 55 37 18 
4.0 51 39 12 
Tharjath 
5.0 48 44 4 
0.5 58 26 32 
1.0 55 27 28 
1.5 54 28 26 
2.0 51 33 18 
2.5 51 35 16 
3.0 50 36 14 
4.0 49 39 10 
Altaib 
Wadalsaeh 
5.0 47 43 4 
Location LL% PL% PI% 
Alfao 74 33 41 
Tharjath 63 22 41 
Altaib Wadalsaeh 58 26 32 
Table 3.4 Atterberg Limits for natural and stabilized soil samples   
Sample
No Location Lime% LL% PL% PI%























































































































Particle Size Distribution 3.3.2  
Particle size distribution by sieve analysis was carried out for the 
unstabilized Main soil samples for quantitative determination for 
particle size greater than 0.063mm, and by hydrometer analysis 
method, for particle size smaller than 0.063 mm (clay and silt). The 
results are shown in Table 3.5 and the graphs of the results are shown 
in Appendix (A). 
3.3.3 Linear shrinkage 
The linear shrinkage test consists of placing a paste of soil passing the      
No. 40 sieve at its liquid limit moisture content in the mould of linear 
shrinkage, dry it first in air and then complete the drying  in the oven at 
temperature of 105ºC to 110 ºC to get completely dry sample. Lime 
was added to soil samples (by weight) and left for 24 hours to cure The 
final length of soil is measured (Fig 3.1). 
 Linear shrinkage is the ratio of the change in length to the initial 
length, expressed as a percentage. The results are shown in Table 3.6 & 
3.7. 
Fig 3.1 The final length of different samples after oven drying. 
Table 3.5 Particle size analysis 
Particle Size % Sample Name 
Clay Silt Sand Gravel 
Alfao 44 49 7 0 
Tharjath 55 26 19 0 
Altaib Wadalsaeh 30 16 54 0 
Table 3.6 Linear Shrinkage results for the natural and stabilized Main 
soil samples 































Table 3.7 Linear Shrinkage results for the soil samples stabilized with 
2% lime. 
sample
No Location Lime % L.S% 






3 Rabak (1) 02
19.9 
12.2 












8 White Nile (1) 02
20 
12.5 






11 White Nile Sugar 02
20.2 
13.2 





13 Elribat University 02
20.5 
13.3 
14 Sinnar Kabosh 02
20.7 
13.4 
15 Sinnar Sugar 02
17.9 
11.7 
3.3.4 Free swell 
The free swell test consists of placing a known volume of dry soil 
passing the No.40 sieve into a graduated cylinder filled with water and 
measuring the swelled volume after it has completely settled. Lime was 
added to soil samples (by weight) and left for three days (curing time). 
The free swell of the soil is determined as the ratio of the change in 
volume to the initial volume expressed as a percentage. The results are 
shown in Table 3.8 and 3.9. 
 
Table 3.8 Free Swell test (curing three days) 






















Table 3.9 Free Swell results natural and stabilized samples (Curing 
three days) 
sample
No Location Lime % F.S % 
0 160 1 Blue Nile 
2 86 
0 205 2 Heglig 
2 92 
0 167 3 Rabak (1) 
2 65 
0 175 4 Rabak (2) 
2 82 
0 178 5 Aljebalen 
2 83 
0 200 6 Elrank 
2 94 
0 150 7 Algadarif 
2 78 
0 185 8 White Nile (1) 
2 96 
0 180 9 White Nile (2) 
2 94 
0 215 10 Almanshia 
2 105 
0 195 11 White Nile Sugar 
2 94 
0 150 12 Elnilen University 
2 75 
0 190 13 Elribat University 
2 88 
0 200 14 Sinnar Kabosh 
2 110 
0 140 15 Sinnar Sugar 
2 90 
3.3.5 Compaction Test 
Procter test is used to determine the dry density moisture content 
relationship. The three main samples were tested after a curing time of 
24 hours. The test is described in BS 1377: 1990, Part 4. The results are 
shown in Table 3.10 and the graphs of the results are shown in 
Appendix (C). 
 
Table 3.10 Dry densities and optimum moisture contents for natural 
and stabilized Main soil samples.    



















3.3.6 Consolidation Test 
Consolidation tests were performed on samples extracted from 
compaction moulds by pushing of the sample rings and allowing them 
to saturate in distilled water under a nominal applied load for 24 hours. 
The test procedure described in the BS 1377: 1990, part 5 clause 3.0 
was followed.   
 
These tests were performed on samples cured for 24 hours and then 
compacted at optimum moisture content and maximum dry density in 
order to evaluate the rigidity of the samples from their constrained 
modulus Ec. The size of the samples tested was 19mm in thickness and 
64 to 76mm in diameter. The samples were subjected to successive 
consolidation stresses ranging from 100 to 1000 KN/m2.
The consolidation test results were presented in the conventional void 
ratio versus logarithm of applied graphical Appendix (D). The values 
of the constrained modulus Ec determined from the results of one 
dimensional consolidation tests performed on the three main soil 
samples compacted at optimum moisture content are summarized in the 
Table 3.11.  
 
Table 3.11 Consolidation test results natural and stabilized soil samples 
curing for 24 hours. 


















































3.3.7 Unconfined Compression test 
The unconfined compression strength test was carried out for the main 
soil samples to determine their undrained shear strength. In this test the 
samples were under zero lateral pressure. The samples were cured for 
24 hours period then compacted in the standard Procter mould in three 
layers using the weight 4.5 Kg rammer. The test results are shown in 
Table 3.12. 
 
3.3.8 California Bearing Ratio (CBR Test) 
Samples Passing Sieve No.4 were mixed with different amounts of 
water and left for different curing times (24 hr, 3 days and 7 days). The 
samples were compacted and submerged in water for four days. Then 
the sample was tested in the C.B.R apparatus. The load corresponding 
to each penetration was recorded. The results are shown in Tables 3.13, 
3.14 and 3.15 and the graphs of the results are shown in Appendix (D). 
 
Table 3.12 Unconfined compression strength test results (curing for 24 
hr) 






















Table 3.13 Natural and stabilized soil samples CBR test results (curing 
for 24hr).  
Table 3.14 Natural and stabilized main soil samples CBR test results 
(curing for three days). 
sample Lime % O.M.C% MDD g/cm3 CBR% 
0 29.5 1.425 3.1 
2 27.5 1.456 52.9 Alfao 
4 24.2 1.478 86.6 
0 26 1.514 4.8 
2 23.4 1.568 56.5 Tharjath 
4 21.2 1.641 83.9 
0 21.5 1.621 1.48 
2 19.4 1.672 75.9 Altaib Wadalsaeh 
4 18 1.694 100.2 
Location Lime % O.M.C% MDD g/cm3 CBR% 
0 29.5 1.425 3.1 
2 27.5 1.456 21.78 Alfao 
4 24.2 1.478 31.2 
0 26 1.514 4.8 
2 23.4 1.568 28.8 Tharjath 
4 21.2 1.641 41.19 
0 21.5 1.621 1.48 
2 19.4 1.672 13.3 Altaib Wad alsaeh
4 18 1.694 20.5 
Table 3.15 Natural and stabilized main soil samples CBR test results 
(curing for seven days).    
sample Lime % O.M.C% MDD g/cm3 CBR%
0 29.5 1.425 3.1 
2 27.5 1.456 92.2 Alfao 
4 24.2 1.478 120 
0 26 1.514 4.8 
2 23.4 1.568 94 Tharjath 
4 21.2 1.641 118.5 
0 21.5 1.621 1.48 
2 19.4 1.672 88.1 Altaib Wadalsaeh 
4 18 1.694 100.2 
CHAPTER FOUR 
RESULTS AND DISCUSSION 
 
4.1 Introduction 
This section of the study discusses the results of the laboratory tests 
presented in Chapter Three. The main objective is to study the effects 
of lime on the engineering properties of expansive soil from Sudan. 
The properties investigated are Atterberg limits, compaction 
(parameters), particle size distribution, free swell, linear shrinkage, 
constrained modules, unconfined compression strength and California 
Bearing Ratio (CBR) for natural and stabilized samples. The test 
procedure and results were given in Chapter Three. 
 
4.2 Identification and classification of the stabilized soil samples 
4.2.1 General Identification of Soils  
Different classification schemes are applied to the main soil samples. 
The results of Atterberg Limits shown in Tables (3.2, 3.3 and 3.4)  
indicate that , according to the Unified Soil Classification System 
(USCS)  (refer to Table 4.1 and Casagrande's Chart shown in Fig 4.1) , 
all the three soils are classified as highly plastic silty clay (CH , 
LL>50%). Alfao sample with lime percent more than (1.5%) can be 
classified as highly plastic clayey silt (MH, LL>50%). Tharjath sample 
from (0.50 to 2.0) lime were classified as highly plastic silty clay (CH , 
LL>50%) and with lime percent between (2.5-4.0) can be classified as 
highly plastic clayey silt (MH , LL>50%) and with lime percent more 
than (4.0%) can be classified as low plastic clayey silt (ML , 
LL<50%).Altaib Wad Alsaeh soil with lime percent between (1.5-3.0) 
can be classified as highly plastic clayey silt (MH , LL>50%) and with 
lime percent more than (3.0%) can be classified as low plastic clayey 
silt (ML , LL<50%). The results show that addition of lime to the 
selected expansive clays render then to behave as silty soils (MH or 
ML) depending on the lime contents. 
 
The data presented in Tables 3.2, 3.3 and 3.6 was classified according 
to the methods advanced by Altmeyer (1955), Chen (1965) and Raman 
(1967) and presented in Table (4.1). 
 
Fig 4.1 Casagrande's Chart Modified by Grabowska-Olszewska 
(1998). 
 
Fig 4.2 ACT vs. Lime  
 
Table 4.1   Potential Swell (Based on methods advanced) 
Sample Name LS (by Altmeyer 1955) 
LL (by Chen 1965) PI (by Raman 1967) 
Alfao + 0.0% Critical Very High Very High 
Alfao + 0.5% Critical Very High Very High 
Alfao + 1.0% Critical Very High Very High 
Alfao + 1.5% Critical Very High High 
Alfao + 2.0% Critical Very High Medium 
Alfao + 2.5% Critical Very High Medium 
Alfao + 3.0% Critical Very High Medium 
Alfao + 4.0% Critical Very High Medium 
Alfao + 5.0% Marginal High Low 
Tharjath + 0.0% Critical Very High Very High 
Tharjath + 0.5% Critical Very High Very High 
Tharjath + 1.0% Critical Very High Very High 
Tharjath + 1.5% Critical Very High Very High 
Tharjath + 2.0% Critical High High 
Tharjath + 2.5% Critical High High 
Tharjath + 3.0% Critical High Medium 
Tharjath + 4.0% Critical High Medium 
Tharjath + 5.0% Marginal High Low 
Altaib WadaLSaeh + 0.0% Critical High Very High 
Altaib WadaLSaeh + 1.0% Critical High High 
Altaib WadaLSaeh + 0.5% Critical High High 
Altaib WadaLSaeh + 1.5% Critical High High 
Altaib WadaLSaeh + 2% Critical High Medium 
Altaib WadaLSaeh + 2.5% Critical High Medium 
Altaib WadaLSaeh + 3% Critical High Medium 
Altaib WadaLSaeh + 4% Marginal High Low 
Altaib WadaLSaeh + 5% Non Critical High Low 
4.2.3 Conclusion of the Identification of Soils 
From the results of the Atterberge limits, grain size analysis, linear 
shrinkage, free swell and according to the methods used for identifying 
clays minerals, it is obvious that all natural samples have high percent 
of clay particles, high liquid limits and plasticity index. Alfao & Altaib 
Wad Alsaeh samples were affected by lime more than Tharjath sample, 
i.e. they changed from (CH to MH) for 2% lime while Tharjath sample 
changed to MH after addition of 2.5% of lime.  
 
4.3 Analysis and Discussion of Results 
4.3.1 Introduction 
Based on the test results obtained for the natural and stabilized soil 
samples families of curves were developed by plotting values of 
Atterberg limits (LL, PL and PI) Linear shrinkage (LS), Free swell 
(FS), Compaction parameters (MDD & OMC), Unconfined 
compressive strength (UCS), California Bearing Ratio (CBR) and 
Consolidation parameters Figs (4.3 to 4.16) versus lime content. The 
effects of adding lime on the physical properties of the soils are as 
follows: 
4.3.2 Atterberg limits    
The results shown in Tables (3.2 and 3.3) and plotted in Figs (4.3, 4.4, 
4.5) for Alfao, Tharjath and Altaib Wadalsaeh, show that addition of 
lime to the natural samples decreased their liquid limit, increased their 
plastic limit and reduced plasticity index. Addition of 2% lime to the 
natural samples decreased their liquid limit from 74% to 64% for 
Alfao, 63% to 58% for Tharjath, 58% to 51% for Altaib Wadalsaeh and 
reduced their plasticity index from 41% to 21% for Alfao, 41% to 28% 
for Tharjath, 32% to 18% for Altaib Wadalsaeh. These results comply 
with those found by Mohamed [38] that addition of 2% hydrated lime 
to the natural clayey sample obtained from Singa City in Sinnar State 
decreased its liquid limit from 68% to 62%, and plasticity index from 
38% to 11%.  
The observed trend pointed out that addition of small amounts (0.5%) 
of hydrated lime has little effect on plasticity. Addition of (2 to 2.5%) 
of hydrated lime has considerable effect in reducing the plasticity of 
clay soils, while the effect of further increase in lime percents is less 
effective. Tharjath and Altaib Wadalsaeh samples showed continued 
considerable decrease in PI after 2% lime 
Fig 4.3 Alfao -Atterberg limits vs. lime % 
 
Fig 4.4 Tharjath - Atterberg limits vs. lime % 
 
Fig 4.5 Altaib Wad alsaeh- Atterberg limits vs. lime 
 
4.3.3    Linear shrinkage     
The results shown in Table 3.6 and plotted in Fig (4.6) for Alfao, 
Tharjath and Altaib wadalsaeh, show that addition of lime to the 
natural samples decreased their linear shrinkage. Addition of 2% lime 
to the natural samples decreased their Linear shrinkage from 19% to 
13.6% for Alfao, 14% to 12.1% for Tharjath, 17.1% to 12.1% for 
Altaib wadalsaeh. All samples continued decrease in LS up to 5% lime. 
The LS decreased by more than 50% for 5% lime stabilized samples.  
4.3.4   Free Swell 
From the results shown in Table 3.8 and plotted in Fig (4.7) for Alfao, 
Tharjath and Altaib wadalsaeh it is shown that addition of lime to the 
natural samples decreased their free swell. Addition of 2% lime to the 
natural samples decreased its free swell from 180% to 84% for Alfao, 
140% to 90% for Tharjath, 120% to 78% for Altaib wadalsaeh. 
However when 5% lime was added FS dropped to less than 50% and 
the samples were slightly active (low swell potential).     
4.3.5   Dry density and Optimum moisture content  
The results shown in Table 3.10 and plotted in Figs (4.8 and 4.9) for 
Alfao, Tharjath and Altaib wadalsaeh, show that addition of lime to the 
natural samples decreased the optimum moisture content and increased 
the dry density .Addition of 2% lime to the natural samples decreased 
its optimum moisture content from 29.5% to 27.5% for Alfao, 26% 
to23.4% for Tharjath, 21.5% to 19.4% for Altaib wadalsaeh and 
slightly increased the dry density from 1.425 to 1.456 g/cm3 for Alfao, 
1.514 to 1.568 g/cm3 for Tharjath, 1.621 to 1.672 g/cm3 for Altaib 
wadalsaeh. 
Fig 4.6 Linear shrinkage vs. lime %
Fig 4.7 Free swell vs. lime %. 
 
Fig 4.8 Optimum moisture content vs. lime %. 
 
Fig 4.9 Maximum dry density vs. lime % 
 
4.3.6 California Bearing Ratio (CBR) 
From the results shown in Tables (3.13, 3.14 and 3.15) and plotted in 
Figs (4.10, 4.11, and 4.12) for Alfao, Tharjath and Altaib Wadalsaeh, 
the following trends were observed: 
i. Addition of 2% lime markedly increased the CBR values. 
ii. Addition of 4% lime further increased the CBR values. 
These results comply with those found by Mohamed [38].  It is shown 
that addition of lime to the natural samples increased the California 
Bearing Ratio. The CBR values increased with curing time as shown in 
Fig 4.13 (a, b and c). For 3 days curing time considerable increase in 
CBR% values were observed. The CBR% values continued to increase 
up to 7 days of curing time. The results show that curing time has 
significant effect on the strength of the stabilized soils.   
 
4.3.7 Consolidation Test 
The consolidation test results shown in Table 3.11 and plotted in Figs 
(4.14, 4.15 and 4.16) for Alfao, Tharjath and Altaib wadalsaeh, show 
that the stabilized samples experimental large increase in Ec values 
when compared to the values of natural samples. The Ec values were 
noted to increase with applied pressure level. The values Cc and Cr 
decreased with addition of lime. The addition of lime to the 
percentages considered in this investigation changed the behavior of 
the soil samples to a very rigid material. 
 
Fig 4.10 CBR vs. Lime % (Curing 24 hours) 
 
Fig 4.11 CBR vs. Lime % (Curing 3 days) 
 






c- Altaib Wadalsaeh.  
 Fig 4.13 CBR vs. Curing time  
 
Fig 4.14 Ec vs. lime % 
 
Fig 4.15 Cc vs. lime % 
 
Fig 4.16 Cr vs. lime 
4.3.8 Unconfined Compressive strength (UCS)             
The results shown in Table 3.12 and plotted in Fig (4.17) for Alfao, 
Tharjath and Altaib wadalsaeh, show that addition of lime to the 
natural samples increased the unconfined strength (qu). Considerable 
increase was observed for 0 - 2 % increment and the increase is 
insignificant beyond 2%. 
 
Fig 4.17 qu vs. lime %. 
 
4.4 Correlation of physical and derived properties after adding          
2% of lime: 
According to the results of experiments carried out on the three main 
soil samples, the addition of lime affected the values of engineering 
properties of the three main soil samples such as PI, LS, and FS. 
Considerable difference in the result of (PI, LS, and FS) before and 
after adding lime was observed. Pronounced improvement or effect 
was noticed when 2% or more of lime was added to the three main soil 
samples. This percentage was considered as effective lime content and 
was added to 15 soil samples obtained from different areas of Sudan. 
Its effect on plasticity, shrinkage and swelling was assessed in this 
section.  
 
Table 4.2 summarizes the results of the laboratory tests carried out to 
study the effect of addition 2% lime on plasticity (PI & LL), linear 
shrinkage and free swell of the 18 soil samples. The addition of the 
effective lime content caused substantial decrease or drop in the 
plasticity index, LL, LS and FS of all the clay samples an indication of 
improvement in the behavior of the swelling soils. An attempt is made 
to relate the drop in liquid limit GLL, plasticity index GPI, linear 
shrinkage GLS and free swell GFS to the initial soil properties. 
 
Linear shrinkage & Free swell are considered as a measure of the 
intrinsic shrinkage and swelling of clays. They have found to relate 
very well with plasticity index (Rahmatalla 2005 & Ali 2003). LS is 
plotted against FS for all samples and good correlation is found (Fig 
4.18). Good correlation is also found for linear shrinkage and Free 
swell versus LL & PI (Fig 4.19). This is an indication that intrinsic 
swelling & shrinkage are well related to the plasticity characteristics 
(specially the PI) of the soils. It is also interesting to notice that L.S & 
FS correlate quite well (R2 = 0.742) an indication of the inherent 
relationship between intrinsic swelling and shrinkage. 
 
The drop in LL (GLL) and PI (GPI) caused by the addition of 2% lime 
to the soil samples are plotted against LL & PI of the untreated samples 
(Fig 4.20 & Fig 4.21 respectively). Poor relationship is found for   GLL 
vs. LL & PI (R2 = 0.30 and 0.22 respectively) while very good 
relationship exists between GPI vs. PI & LL (R2 = 0.78 and 0.68 
respectively, Fig 4.21). This implies that the higher the plasticity index 
is the higher the drop in PI upon the addition of 2 % lime. The drop 
(GPI/PI) and (GLL/LL) are also plotted against LL & PI of the 
untreated samples (Fig 4.22 & Fig 4.23).These figures show that the 
liquid limits dropped to about 10 to 16 % of the untreated values for all 
samples while PI dropped to only 40 to 50 % of the untreated values on 
addition of 2 % lime. The drops are substantial and reflect the 
physiochemical changes that are caused by the addition of 2% lime.  
 
In summary the effect of adding 2% limes on the intrinsic swelling and 
shrinkage are evaluated. Addition of lime caused remarkable reduction 
in LS and FS for soil samples obtained from different areas in Sudan.  
 
Table 4.2 Physical properties of samples 
Sample
No Location LL PI LS FS FPI FLL FPI/PI FLL/LL
1 Blue Nile 70 40 19 160 16 7 0.40 0.10 
2 Heglig 73 49 21.4 205 24 9 0.49 0.12 
3 Rabak (1) 78 55 19.9 167 25 11 0.45 0.14 
4 Rabak (2) 74 48 20 175 21 9 0.44 0.12 
5 Aljebalen 72 47 20.3 178 21 10 0.45 0.14 
6 Elrank 91 59 21.3 200 28 9 0.47 0.10 
7 Algadarif 64 36 18.3 150 16 8 0.44 0.13 
8 White Nile (1) 91 53 20 185 26 15 0.49 0.16 
9 White Nile (2) 67 46 19.3 180 23 12 0.50 0.18 
10 Almanshia 85 55 22 215 27 9 0.49 0.11 
11 White Nile Sugar 76 49 20.21 195 22 9 0.45 0.12 
12 Elnilen University 62 34 17.9 150 19 9 0.56 0.15 
13 Elribat University 81 49 20.5 190 24 13 0.49 0.16 
14 Sinnar Kabosh 91 54 20.7 200 22 10 0.41 0.11 
15 Sinnar Sugar 61 33 17.9 140 15 9 0.45 0.15 
16 Alfao 74 41 19 180 20 10 0.49 0.14 
17 Tharjath 63 41 14 140 13 5 0.32 0.10 
18 Altaib Wadalsaeh 58 32 17.1 120 14 7 0.44 0.12 
Table 4.3 correlation coefficients R2 for soil properties 
LS FS LL PI 
FS 0.74 - - - 
LL 0.53 0.66 0.30 0.68 
PI 0.53 0.71 0.22 0.78 
Fig 4.18    LS vs. FS 
Fig 4.19 LS & FS vs. (LL and PI) 
Fig 4.20 G LL vs. (LL & PI)  
 
Fig 4.21   G PI vs. (LL & PI)  
Fig 4.22   G PI / PI vs. PI  
Fig 4.23   GLL / LL vs. LL  
CHAPTER FIVE 
CONCLUSION AND RECOMMENDATIONS 
 
5.1 Conclusions 
Soils are most complex materials and their engineering properties such 
as Atterberg limits, compaction (parameters), particle size distribution, 
free swell, linear shrinkage, constrained modules, unconfined 
compression strength and California Bearing Ratio (CBR) for natural 
and stabilized samples are affected by various parameters and factors, 
particularly in stabilization process.  
 
This research studied the effect of adding hydrated lime to expansive 
soils of high potential for swelling obtained from different areas in 
Sudan and to assess the sensitively of the soil to lime addition. 
 
The experimental work was conducted on clay soils obtained from 
different areas in Sudan. All samples were classified as expansive soils 
according to the classification methods. Addition of lime to expansive 
clays improved their properties by reducing plasticity, swelling and 
increasing strength.  
 
The results of this study are summarized as follows: 
1. Addition of lime improved workability of expansive soils by 
reducing their plasticity. 
 
2. Addition of lime to potentially expansive clays decreased their 
linear shrinkage and Free Swell and therefore decreases their 
shrink-swell potential. 
3. The dry density slightly increased and the optimum moisture 
content decreased by adding lime. 
 
4. Addition of lime improved the shear strength of expansive soils 
as it increased the UCS. 
 
5. Addition of lime to the natural samples increased the California 
Bearing Ratio. The curing time had significant effect on the 
stabilized soils.   
 
6. The stabilized soil samples experienced large increase in Ec 
values when compared to the values of untreated samples. This 
is an indication that addition of lime changed the behavior of the 
soil samples to a very rigid material. 
 
7. The effects of adding 2% lime on the intrinsic swelling and 
shrinkage are evaluated. Addition of lime caused remarkable 
reduction in LS and FS for soil samples obtained from different 
areas in Sudan.  
 
8. Poor relationship is found for the drop in liquid limits (GLL) vs. 
(LL            & PI) when 2% lime was added to potentially 
expansive soils, while very good relationship exists between the 
drops in plasticity index (GPI) and PI & LL of the untreated 
samples. This implies that the higher the plasticity index is the 
higher the drop in PI upon the addition of 2 % lime. 
 
9. The addition of 2% lime caused Liquid limits to drop to about 10 
to 16 % of the untreated values for all samples while PI dropped 
to only 40 to 50 % of the untreated values. The drops in LL and 
PI are substantial and reflect the physiochemical changes that are 
caused by the addition of effective lime content.  
 
5.2 Recommendations 
From the results and the conclusions of this study the following 
remarks and recommendations can be mentioned: 
1. Studying the chemical properties of clayey soils that affect lime  
 stabilization. 
2. Specifying the economical aspects and the construction 
procedure in the site for lime stabilization.  
3. Comparison in cost, quantities and activity between the 
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